Understanding the rate of evolutionary change and the genetic architecture that facilitates rapid 35 adaptation is a current challenge in evolutionary biology. Comparative studies show that genes 36 with immune function are among the most rapidly evolving genes in a range of taxa. Here, we 37 use immune defense in natural populations of D. melanogaster to understand the rate of 38 evolution in natural populations and the genetics underlying the rapid change. We probed the 39 immune system using the natural pathogens Enterococcus faecalis and Providencia rettgeri to 40 measure post-infection survival and bacterial load of wild D. melanogaster populations collected 41 across seasonal time along a latitudinal transect on the eastern North America (Massachusetts, 42 Pennsylvania, and Virginia). There are pronounced and repeatable changes in the immune 43 response over approximately 10 generations between the spring and fall populations with a 44 significant but less distinct difference among geographic locations. Genes with known immune 45 function are not enriched among alleles that cycle with seasonal time, but the immune function 46 of a subset of seasonally cycling alleles in immune genes was tested using reconstructed outbred 47 populations. We find that flies containing seasonal alleles in Thioester-containing protein 3 48 (Tep3) have different functional responses to infection and that epistatic interactions among 49 seasonal Tep3 and Drosomycin-like 6 (Dro6) alleles produce the immune phenotypes observed in 50 natural populations. This rapid, cyclic response to seasonal environmental pressure broadens our 51 understanding of the complex ecological and genetic interactions determining the evolution of 52 immune defense in natural populations. 53
Introduction 54
The rate at which populations respond to environmental change is a fundamental 55 parameter in the process of adaption. Evolution is historically considered to be an innately slow 56 process that occurs over very long timescales [1] , but there are now examples that evolutionary 57 change can occur much faster [2] [3] [4] [5] . The limits of how fast populations evolve and the genetic 58 architecture underlying rapid evolution remain unclear [6] . The classical approach to infer 59 adaption through the association of traits and genotypes that co-vary along spatial environmental 60 gradients (e.g., latitude, longitude, altitude) [7] can be expanded across temporal environmental 61 gradients to provide insight to the rate of adaption in the wild. 62
The biotic environment may shape the rate of adaptation through the immune system, 63
which sits at the crucial interface between an organism's external and internal environment. 64
Strong selection imposed by pathogens may result in rapid evolution of immune defense in 65 nature because microbiotic infection directly affects host fitness with consequences ranging from 66 resource reallocation away from other functions to host mortality [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Comparative studies 67 across a broad range of taxa indicate that genes with immune function are among the most 68 rapidly evolving genes in the genome [24] [25] [26] [27] [28] [29] [30] [31] . Drosophila melanogaster immune genes show 69 evidence of local adaptation across large spatial gradients with high levels of population 70 differentiation and latitudinal enrichment across multiple continents [32] [33] [34] [35] . There is less 71 evidence for differentiation at smaller spatial scales [36, 37] , although some screens of infection 72 response in D. melanogaster indicate continental differences in defense quality [36] . Thus, 73 immune defense in natural populations of D. melanogaster is a good system to study the how 74 fast natural populations can evolve and genetics underlying the rapid change.
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We predict seasonal variation in D. melanogaster immune defense even in the absence of 76 established clinal differences in performance. Seasonal climatic changes produce predictable 77 environmental gradients over a temporal scale that select for different phenotypes [38, 39] and 78 allele frequencies [40, 41] in multivoltine organisms like D. melanogaster. Abiotic variables 79 (e.g., temperature) that cycle across seasons can influence microbial growth, so it is possible that 80 microbial communities and pathogen diversity that vary over spatial gradients [42] [43] [44] [45] [46] [47] [48] [49] also 81 change as a function of seasonal time [50] [51] [52] [53] . Changes in pathogen diversity and frequency 82 across seasons may select for immune resistance or tolerance in either or both of the primary 83 humoral immune pathways: the Toll pathway that is preferentially activated by Gram-positive 84 bacteria or the IMD pathway that is primarily activated by Gram-negative bacteria [54] . 85 We tested whether innate immunity evolves seasonally in mid-Atlantic D. melanogaster 86 populations in North America (Massachusetts, Pennsylvania, and Virginia). We found that 87 immune defense changed rapidly and repeatedly from spring to fall, and that seasonally cycling 88 alleles of immune genes determine seasonal variation in resistance to and tolerance of infection. 89
We used reconstructed outbred populations to show that epistatic interactions among seasonally 90 cycling SNPs produced the immune phenotypes observed in natural populations. This rapid, 91 cyclic response to seasonal environmental pressure broadens our understanding of the complex 92 ecological and genetic interactions determining the evolution of immune defense in natural 93 Reference Panel (DGRP) [56] . Ten gravid females from 15 lines were pooled to lay eggs for 48 114 hours for each combination of seasonal alleles. The offspring were permitted to mate freely for at 115 least 10 subsequent non-overlapping generations before immune assessment. This produced 116 populations fixed for the alleles of interest in a heterogeneous unlinked background. The immune 117 function of the two SNPs in Thioester-containing protein 3 (Tep3) Gram-negative Providencia rettgeri [58] and Gram-positive Enterococcus faecalis [59] strains 138 that were originally isolated from infected wild-caught D. melanogaster. Post-infection survival 139 was measured in males over two repeated blocks of five consecutive days after infection. 140
Mortality was highest in the first 24h and plateaued ( Figure S2 The systemic bacterial load of infected flies was quantified using the same infection 150 method as was described above for survival of infection. When evaluating the natural 151 populations, 20 lines from each of the 3 collection locations were infected during a 9a-12p daily 152 infection window. All infections were repeated over two consecutive days by two infectors and 153 the infector and infection order was randomized daily using a random number system. Twelve 154 males from each line were infected each day and maintained in vials with food at 25ºC, with P. rettgeri pathogenic infection [63] . Enrichment for immune genes was calculated using 202 customized python scripts that compared proportion of seasonal and non-seasonal immune genes 203 to control genes that were matched for size and position using χ 2 with 10,000 bootstrap 204
iterations. 205
Linkage disequilibrium (LD) among the candidate seasonal immune SNPs was calculated 206 in the DGRP using allelic correlation of physical distances using the LDheatmap package [64] in 207 R. The 205 sequenced inbred lines of the DGRP were used to examine LD among all of the 208 candidate SNPs by chromosome [56] . 209 210
Seasonal genotypes
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The genotypes from wild populations were determined using a panel of inbred lines 212 originally collected in Pennsylvania in the spring and autumn of 2012. The lines were inbred by 213 full-sib mating for 20 generations and subsequently sequenced. Genotype deviation was 214 calculated as the difference between observed frequency and a predicted frequency based on the 215 individual alleles. The haplotype distribution of Tep3 was calculated for SNPs with a minor 216 allele frequency greater than 0.1 using integer joining networks [65] were more resistant to E. faecalis bacterial growth (F (1, 219) =87.758, p<0.0001) and maintained 241 low load with marginally higher survival rates (χ 2
(1) =3.201, p=07.36 -2 ), while the fall populations 242 infected with the same bacteria did not restrict bacterial growth as effectively, resulting in high 243 load and high mortality (Figure 1 A-B ). However, the converse relationship occurred when flies 244 were infected with P. rettgeri: higher survival in the spring (χ 2
(1) =16.145, p=5.87 -4 ) despite 245 higher bacterial load (F (1, 215) =4.3404, p<0.0001) and high mortality in the fall even though the 246 bacterial growth was restricted to low levels (Figure 1 C-D). 247 248
SNPs in immune genes oscillate across seasonal time 249
Immune genes as a functional category were not enriched among genes carrying 250 polymorphisms that oscillate in frequency over seasonal time in these populations [61] when 251 compared to controls matched for size and position. We identified 24 candidate SNPs (Table 1) contained numerous seasonally oscillating loci with high LD across the 2.5 kb region in which 263 the seasonal alleles are located in the DGRP ( Figure 2B ). There were two primary sequence 264 haplotypes carrying spring Tep3 TG variants and two sequence haplotypes carrying the fall Tep3 CT 265 variants in the Pennsylvania orchard ( Figure 3F , Table S2 ). We tested the function of these SNPs 266 using recombinant outbred populations with two loci as markers: the non-synonymous coding 267 change at 2L:7703202 that is surrounded by five intronic seasonal SNPs and the intronic SNP 268 (2) =6.73, p=0.0346; Figure 3A ). The Tep3 SNPs are associated with an additive effect 280 on survival of Gram-negative P. rettgeri infection with higher survival in flies containing the fall 281 haplotype than those containing the spring haplotype and intermediate survival in flies 282 containing the mixed haplotype (χ 2
(2) =3.651, p=0.161, Figure 3B ). Flies containing the seasonal 283
Tep3 haplotypes have no difference in Tep3 expression in the absence of infection (F (3, 360) = 284 1.419 p= 0.239, Figure 3C 
Epistasis among AMP genes involved in rapid seasonal adaptation 288
We tested whether additional seasonal SNPs in the immune pathways interact with Tep3 289 to facilitate rapid immune evolution across seasons. We examined epistasic interactions in 290 immune function between Tep3 and a seasonally cycling immune SNP (3L:3334769, an 291 upstream modifier of Drosomycin-like 6 (Dro6)), that was shown to significantly affect 292 resistance to P. rettgeri in a genome-wide association study [63] . We also tested epistasis among 293 the Tep3 SNPs and 3R:17861050, a 3' UTR modifier in the signaling gene Fas-associated death 294 domain ortholog (Fadd, also known as BG4), which was the only SNP that demonstrated 295 concordant patterns between seasonal change and latitudinal differentiation ( Figure 2A , Table 1) findings for other measurements of stress resistance [38, 39] . Together this suggests that the harsh 311 winter selects for a suite of traits that produce a robust spring population and that selection on 312 those traits is relaxed during the summer producing a less stress resistant population in the fall. 313
Although the strongest differentiation of immunity occurred across seasonal time, there 314 was also a signal of geography along the sampled spatial gradient. Our results contrast with 315 previous studies that did not detect a robust association between latitude and survival [68] or 316 load [36, 62] . The difference may be attributed to the interaction between season and latitude. It is 317 possible that geographical differences in immune response may be even greater across a longer 318 distance that may capture a larger difference in pathogen diversity [42] [43] [44] [45] [46] [47] [48] [49] . 319
The repeatability of the change in immune defense across replicate years and locations 320 indicate deterministic evolutionary processes. Rearing the lines for multiple generations in a 321 common laboratory environment that is distinct from the external sample sites removes 322 environmental variation and ensures that differences among collections and populations can be 323 attributed to genetic diversity among the source populations. It is possible that gene flow due to 324 migration from other latitudes contributes to the differences between the spring and fall Page 15 populations. However, migration is unlikely to be the primary cause underlying seasonal immune 326 differences because the latitudinal differentiation was weak compared to seasonal change. 327 Furthermore, infection with different pathogens resulted in opposing clinal patterns but parallel 328 change across seasons. Additionally, migration alone appears insufficient to explain genome-329 wide differences in allele frequency profiles that characterize spring and fall populations in 330
Pennsylvania orchard [61] ; thus, migration is unlikely to explain the seasonal differences in 331 immune response. Wild Drosophila populations live in a heterogeneous environment and evolve 332 rapidly in response to environmental parameters that change with season [38,39], potentially 333 including rapid turn-over in microbial and pathogen communities ( Figure S2 ). 334 335
SNPs in immune genes oscillate across seasonal time 336
The changes in immune defense are due to differences in genes with immune function 337 across space and time. Genomic screens show that immune genes are enriched across latitudinal 338 gradients [32] [33] [34] [35] , but we did not find enrichment among immune genes in SNPs that cycle in 339 frequency with season. Seasonal differences in immunity could arise from variation in genes that 340 are not classically identified as part of the immune system and were not detected from our 341 screen. However, the D. melanogaster immune system is well characterized and changes in even 342 a single immune gene could affect the phenotypic response to infection even without enrichment 343 for all immune genes. Alternatively, the immune changes may be controlled by non-additive 344 genetic interactions that would not be identified in the enrichment analysis. unpublished data). Therefore, the SNPs we examined may most appropriately be considered as 372 markers for a larger haplotype that contains the causal variants. 373
Pathogen-specific higher survival associated with the spring and fall Tep3 haplotypes 374 may increase their frequency in the wild compared to flies containing a combination of spring 375 and fall alleles. Inversions could theoretically maintain the LD that preserves the high-fitness 376 spring and fall haplotypes [77, 78] , but this is unlikely because the In(2L)t inversion that contains 377
Tep3 does not cycle with season [61, 79] . Additionally, Tep3 is not located near a recombination-378 limiting breakpoint of In(2L)t nor is it in LD with other seasonal immune SNPs within the 379 inversion. However, we found that in two independent populations alleles of the intronic SNP at 380 2L: 7703202 were non-randomly distributed with respect to karyotype while 2L:7705730 had no 381 significant association with either arrangement of In(2L)t. LD might be created and maintained 382 by selection against recombinant phenotypes either due to lower immunocompetence or another 383 pleiotropic trait or because of intraspecific genetic incompatibilities. Deleterious 384 incompatibilities maintain distinct haplotypes in Arabidopsis thaliana NLR immune receptors 385 [80] and may also explain the near absence of the Tep3 CG combination of spring and fall alleles 386 in all populations examined. Flies containing the Tep3 CG haplotype appear three times across the 387 haplotype tree constructed from the seasonal Pennsylvania inbred lines, suggesting that the 388 haplotype may form occasionally through recombination but does not proliferate in the 389 population. Thus, it is likely that selection for the immune benefits of the spring and fall 390 haplotypes and against the combination of spring and fall alleles maintains these distinct 391 haplotypes in the wild. While these Tep3 haplotypes explained some of the seasonal differences Page 18 in immune tolerance of natural populations, other seasonally changing genes may also contribute 393 to the observed differences in bacterial resistance in natural populations 394 395 Epistasis among AMP genes involved in rapid seasonal adaptation 396
Intergenic epistatic interactions between Tep3 and Dro6 suggest that season-specific 397 genotypes have highest fitness. In our experiment, flies having all spring or all fall alleles had 398 higher survival after infection while flies that contained a combination of spring and fall had 399 higher mortality. This suggests that complex genetic interactions shape winter and summer 400 fitness with distinct haplotypes maintained by non-additive epistatic interactions [81] [82] [83] . 401 402
Conclusions 403
With this work, we demonstrate that pathogen-specific innate immunity evolves rapidly 404 in natural populations of D. melanogaster across replicate years and geographic locations. 405
Comparative studies across species and among populations have indicated that immune genes 406 evolve faster than other genes in the genome, but the rapid phenotypic and genetic change we 407 observed over approximately 10 generations is a substantially faster rate than previously 408 considered. We tested a small subset of the immune SNPs that oscillate in allele frequency over 
